Abstract. Disturbance plays a key role in driving ecological responses by creating opportunities for new ecological communities to assemble and by directly influencing the outcomes of assembly. Legacy effects (such as seed banks) and environmental filters can both influence community assembly, but their effects are impossible to separate with observational data. Here, we used seeding experiments in sites covering a broad range of postdisturbance conditions to tease apart the effects of seed availability, environmental factors, and disturbance characteristics on early community assembly after fire. We added seed of four common boreal trees to experimental plots in 55 replicate sites in recently burned areas of black spruce forest in northwestern North America. Seed addition treatments increased the probability of occurrence for all species, indicating a widespread potential for seed limitation to affect patterns of recruitment after fire. Small-seeded species (aspen and birch) were most sensitive to environmental factors such as soil moisture and organic layer depth, suggesting a role for niche-based environmental filtering in community assembly. Fire characteristics related to severity and frequency were also important drivers of seedling regeneration, indicating the potential for disturbance to mediate environmental filters and legacy effects on seed availability. Because effects of seed availability are typically impossible to disentangle from environmental constraints on recruitment in observational studies, legacy effects contingent on vegetation history may be misinterpreted as being driven by strong environmental filters. Results from the seeding experiments suggest that vegetation legacies affecting seed availability play a pivotal role in shaping patterns of community assembly after fire in these low-diversity boreal forests.
INTRODUCTION
Anticipating and managing ecological responses to global change requires understanding the hierarchy of processes that shape ecological communities (Neilson et al. 2005 ). The formation or assembly of ecological communities is primarily shaped by factors that govern the outcomes of two main processes: the arrival of organisms at a location (colonization), and the ability of organisms to survive and grow in that environment (establishment; Chase 2003) . Once established, members of a community can generally endure stresses or perturbations greater than those that constrain early survival, generating a degree of resistance or inertia of communities to further change (Folke et al. 2004 ). By killing individuals or removing biomass, ecological disturbances create distinct periods of reorganization during which processes of colonization and establishment can dramatically influence patterns of community recovery (Holling 1973) . The potential for rapid reorganization of ecological communities following disturbance makes understanding the drivers of community assembly and disturbance recovery a key area of focus for global change research (Turner 2010) .
Plant colonization after disturbance is shaped by patterns of seed dispersal, which are sensitive to distances from source populations, and biotic legacies of the predisturbance community that affect colonization from local seed banks or recovery of surviving individuals (Turner et al. 1999) . Environmental factors then interact with species traits to constrain which individuals can survive and grow under the local conditions, creating environmental filters that remove unsuccessful colonists from the assembling community (Siegwart Collier and Mallik 2010) . Disturbance characteristics, such as size, frequency, and severity, alter the access that species may have to a site (through dispersal or biotic legacies), as well as the site characteristics that influence establishment success (Turner et al. 1999) . Although processes of colonization and establishment are likely to differ in their sensitivity to different global 4 Present address: Department of Geography, Memorial University, St. John's, Newfoundland and Labrador A1B 3X9 Canada. E-mail: carissa.brown@mun.ca change and disturbance factors, we can only fully disentangle effects on these two processes using experimentation.
Northern boreal forests represent a useful system in which to study processes of community assembly because the relatively low species diversity provides a tractable system for ecologically relevant field experiments, and large, heterogeneous wildfires provide excellent opportunities to assess disturbance effects within real landscapes (e.g., Turner et al. 1999) . Here, we use seeding experiments with boreal tree species to isolate the effects of dispersal limitation from environmental effects on establishment that drive patterns of early community assembly after fire. We tested the following potential mechanisms that may shape community assembly: (1) colonization limitation (seed availability) constrains the potential composition and density of seedling recruitment; (2) in the absence of dispersal limitation, environmental factors interact with species traits to determine species-specific recruitment patterns; and (3) disturbance characteristics generate additional constraints on seed availability and establishment success. We predicted that postfire tree recruitment would be influenced by (1) environmental gradients, with recruitment negatively correlated with latitude and elevation (Calef et al. 2005) ; (2) time since last fire, with recruitment reduced in stands that burned prior to reaching reproductive maturity (Brown and Johnstone 2012) ; and (3) soil organic layer thickness, with small-seeded deciduous species recruitment hindered on deep seedbeds due to their sensitivity to desiccation (Johnstone and Chapin 2006) . By examining regeneration of multiple species across a broad range of disturbance conditions and geographic settings, we hope to advance our understanding of how changing environmental factors, biotic legacies, and disturbance characteristics will shape future patterns of community assembly under global change.
METHODS

Study area
Data for this study were collected within four regions of interior Alaska (USA) and the Eagle Plains (EP) area of northern Yukon (Canada; see Plate 1) recently burned by large wildfires (see Johnstone et al. [2009] , Brown and Johnstone [2011] for study area maps, and Appendix: Table A1 for detailed descriptions). The study region is characteristic of northern boreal forests within the zone of discontinuous permafrost: dominated by black spruce (Picea mariana) stands underlain with silt loams or fine-grain loess, and experiencing a subarctic climate (Calef et al. 2005 , Shulski and Wendler 2007 , Brown et al. 2014 . Recent wildfires that intersected existing road networks through undeveloped land provided the opportunity to sample postfire recovery in stands across a wide region (.1 million ha cumulative burn area) of interior Alaska and northern Yukon (Appendix : Table A1 ). All study sites were located within upland forest stands dominated by black spruce that were burned by wildfires in 2004 and 2005.
Field methods
Experimental sites were selected to capture the full range of fire conditions (fire interval and severity), elevation, and site drainage available within the prefire black spruce stands of a given burned patch (see Johnstone et al. [2009 Johnstone et al. [ , 2010 , Brown and Johnstone [2012] for detailed site selection procedures). Sites were selected for access from existing road networks (,500 m from a road corridor), but well beyond the range of visible road effects (generally .100 m from the road edge), while avoiding complicating edge effects by avoiding distances ,50 m from unburned forest edges (Harper et al. 2005) . Canopy mortality of prefire stands was .95% at all but one high-elevation site. The experimental sites in Alaska and Eagle Plains were established in 2005 and 2007, 1 and 2 yr after fire, respectively (Appendix : Table A1 ).
Each site consisted of a ;30 3 30 m patch within an area of homogeneous postfire conditions (e.g., avoiding obvious boundaries in fire history or environmental conditions). Within each site, we established five blocks of seeding treatments (Appendix: Fig. A1 ). Each block contained four (EP) or six (Alaska sites) 50 3 50 cm subplots that were randomly assigned to a seeding treatment, with one (EP) or two (Alaska sites) subplots left as unseeded controls. Additional blocks in the Eagle Plains burn (n ¼ 10 blocks/site) accommodated equal representation of plots on the microtopography of hummocks and hollows formed by freeze-thaw cycles in permafrost terrain (Kokelj et al. 2007) , making a total of 1810 subplots in 55 sites across our study region.
We applied seeding treatments of the four most common boreal tree species in the study region (Van Cleve and Viereck 1981) : black spruce (BS), white spruce (Picea glauca; WS), Alaskan birch (Betula neoalaskana; AB), and trembling aspen (Populus tremuloides; TA). Aspen was not applied to the Eagle Plains site due to very low seed production in the region during the study period. Seed provenances were obtained from natural tree populations in the general study area (Table 1 , Appendix) and seeds were hand sown for even distribution across the ground surface within each subplot. Seeds were applied 1-3 yr after fire, and in synchrony with the timing of natural seed dispersal (Zasada et al. 1992) . Germinated seedlings were counted and marked one to three times per summer (to reduce detection error) for 3 yr following the seeding treatment, with the final counts analyzed here occurring in June 2008 (Alaska) and July 2010 (Eagle Plains). Because young seedlings of white and black spruce are indistinguishable from each other without detailed needle dissection (Weng and Jackson 2000) , we used spruce seedling counts in unseeded plots as control values to compare against plots seeded with black spruce or white spruce. Our aim in the seeding treatments was to sow sufficient quantities of viable seed to saturate local safe sites for seedling emergence. Thus, although seed quantities and ratios of emerged seedlings to viable seeds planted (seedling : seed ratios) ranged from ,0.01 to 0.07 across species and regions (Table 1) , actual seedling counts within seeding treatments and control plots were comparable between regions (Appendix: Fig.  A2 ). In total, there were only 11 cases out of 1810 observations (0.6%) where actual seedling counts exceeded 50% of the seed addition amounts for that species and region.
We collected data at each site to characterize environmental factors likely to influence seedling recruitment, including those that affect local microclimate, postfire seed availability, and seedbed quality (Appendix). Location (latitude), elevation, and soil moisture availability were measured at each site. We characterized vegetation legacies and the influence of fire history on seed availability by measuring (1) basal area of prefire tree species, an indicator of the size of the black spruce aerial seedbank (Johnstone et al. 2009 ), (2) distances from unburned edges, an indicator of potential seed dispersal from unburned stands (Greene and Johnson 2000) , and (3) the age of the stand when it burned, a measure of regeneration potential (Viglas et al. 2013 ). We estimated prefire stand age as a proxy for time since the last fire (TSLF) based on averaged basal ring counts of five randomly selected trees at each site. Finally, we characterized postfire seedbed conditions based on sitelevel estimates of soil organic layer (SOL) thickness. Moss cover was also measured in individual seeding plots, but was removed from analyses due to its high correlation with SOL thickness and soil moisture (Appendix).
Statistical analyses
The response data of interest in our analyses were counts of tree seedlings that were alive in the final census of the experimental plots (seedling recruits). Analyses of these data presented several requirements for an appropriate statistical model: (1) compatibility with count data, (2) accommodation of zero inflation, and (3) mixed effects to account for the multilevel structure of the data. In addition, we had multiple potential predictor variables that could be included as covariates in a model, and wished to select the important ones. Given the complexity of our analyses and characteristics of our data, we employed zero-inflated models using novel approaches for variable selection and a Bayesian Markov chain Monte Carlo (MCMC) approach to conduct model estimation. Compatibility with count data required a model based on the Poisson or negative binomial distribution; we considered a Poisson model because it is more commonly applied to count data of this type and the negative binomial model provided no improvements over the Poisson in terms of model fit. We added a zero-inflation component to account for zeros observed in excess of those expected under the Poisson model (Martin et al. 2005 , Zuur et al. 2009 ). In the resulting zero-inflated Poisson (ZIP) mixed model, zeros are modeled as a result of two separate processes, those arising from the logistic model of zero-inflation and those arising from the Poisson count model (Martin et al. 2005) . Site-specific random effects were included in the ZIP models to account for heterogeneity among different sites and the dependence between the plots nested within the same site. We considered site-specific random effects rather than region-specific random effects, with the reasoning that (1) our primary goal was to find the common relationship between the occurrence of seedlings and environmental variables across different regions, and (2) with four regions, we did not have enough information to infer the distribution of the random effects at the region level. All covariates (excluding binary seed addition variable) were transformed to z scores prior to model selection and fitting to improve model convergence and facilitate comparison of model coefficients among covariates.
To our best knowledge, there are no existing on-theshelf tools to accomplish variable selection and model estimation in this model setting with all three concerns addressed. We used a Lasso-type tool (Tibshirani 1996) to select the variables in the Poisson and zero-inflation portions of the mixed models. Given the selected models, we used Bayesian MCMC to conduct model estimation (Ellison 2004 ). The Bayesian MCMC was implemented in OpenBUGS (O'Hara et al. 2006) , which can be easily customized to different scenarios. We used the library R2OpenBUGS (Sturtz et al. 2005) to integrate all of our statistical analyses within the software R (version 3.0.3; R Core Team 2014).
RESULTS
The most obvious feature of observed seedling counts was the high proportion of zero counts among both seeded and control plots for all species (Fig. 1) . Regardless of seeding, the median observed count was zero in all cases except for plots seeded with black spruce (Appendix: Fig. A2 ). The proportion of zero observations ranged from 63% (570 out of a total of 905 observations) for black spruce to 78% (398 out of 585) for trembling aspen. Where seedlings occurred, the range in counts spanned 1.5 to 2.0 orders of magnitude, with little difference in range between seeding treatments and substantial overlap among regions (Appendix: Fig.  A2 ).
As expected, adding seed reduced the probability of zeros (logistic models) and increased recruitment (count models) of all species (Fig. 2, Table 2 ). Seed addition treatments had the strongest effect on overall probability of occurrence for black spruce and Alaskan birch, and the least effect on white spruce (Fig. 2) . In the absence of experimental seed, the probability of seedlings recruiting in a 50 3 50 cm plot was ;30% for spruce (with most natural seedlings likely black spruce), 20% for aspen, and 10% for Alaskan birch (Fig.  2) .
The recruitment of our four species showed varying responses to the environmental factors. Interestingly, zero-inflation models generally included more environmental covariates than count models following model selection. Seed addition was the single parameter of importance in count models of the two deciduous species (trembling aspen and Alaskan birch; Table 2 ), whereas those two species each had five influential covariates in their respective logistic models.
The probability of seedling occurrence was positively correlated with moisture for all four species, in that wetter areas had fewer zeros than drier areas (Fig. 3a, b) . Moisture was also an important predictor of black spruce counts, but did not predict counts of other species (Table 2) . More black spruce seedlings were found in relatively wetter than in drier sites.
The probability of seedling occurrence was negatively correlated with elevation for all species except black spruce, in that higher-elevation areas had more zeros than lower areas (Table 2) . Elevation was not an important covariate in any of the count models. In contrast, the effects of latitude were qualitatively different between deciduous vs. spruce species. For trembling aspen and Alaskan birch, latitude was positively correlated with the occurrence of zeros in the logistic models but was not a variable of importance in the count models. Latitude was not important in the logistic models for black and white spruce, but was positively correlated with spruce seedling counts. Thus, more northerly sites had higher densities of spruce seedlings and fewer observations of deciduous seedlings (Fig. 3c, d) .
Two environmental factors in our suite of potential covariates represent additional effects of fire character- istics that modify environmental filters or legacy effects: postfire thickness of the SOL, which affects seedbed conditions through the combined influence of fire severity and prefire thickness, and TSLF, a measure of fire-return interval that affects the reproductive potential of a stand. Sites with a thick SOL after fire were more likely to have zero observations of aspen and birch (Fig.  3e , f, trembling aspen and Alaskan birch in Table 2 ). Although SOL did not affect the number of excess zeros in the spruce seedling counts, SOL thickness was negatively correlated with the count of black spruce seedlings, with fewer seedlings occurring on deep organic layers (Table 2 ). In response to TSLF, stands with a short fire-return interval had a greater probability of zero observations of spruce seedlings than those with longer fire-return intervals, even when seeded. TSLF did not influence the occurrence of zeros in the trembling aspen and Alaskan birch logistic models, however, and was not an important parameter in any of the count models.
The use of z scores for environmental covariates allowed us to compare effect sizes within each individual model. The probability of extra zeros beyond those expected with a Poisson model was most strongly influenced by the seed sowing treatment for both spruce species, although relative effect sizes differed between species. In the white spruce logistic model, the effect of applying seed (À0.64; this and following numbers in parentheses refer to parameter mean; see Table 2 for associated 95% credible intervals) was not notably larger than the other parameters. In comparison, the influence of adding black spruce seed on the occurrence of zeros (À1.15) was nearly double or more the effect size of moisture and TSLF in the black spruce logistic model. The effect of seed additions (À1.15) on occurrence of zeros in the trembling aspen logistic model was similar to the effects of environmental covariates such as residual organic thickness (1.69), elevation (1.66), and moisture (À1.37). The logistic model of Alaskan birch identified seed application (À1.89) and elevation (1.67) as having the strongest effects. The count models also indicated that seed addition had the greatest influence on the number of black spruce seedlings present (1.24). Latitude had the most influence on white spruce seedling counts (0.67). For the deciduous species, seed addition had the greatest influence on seedling count, as it was the only parameter of importance in both the trembling aspen (0.24) and Alaskan birch (0.54) count models.
DISCUSSION
Our analyses of seedling recruitment after fire demonstrate multiple effects of prefire legacies and environmental factors on postfire recruitment and hence, initial assembly of the boreal tree community. Replicated seeding experiments that were broadly distributed across environmental and disturbance gradients allowed us to separate legacy effects on seed availability from environmental constraints that shape potential tree recruitment after fire. We found that legacy effects played a dominant role in determining potential tree recruitment following disturbance. In the absence of seed manipulations or field inventories of seed availability, observed seedling recruitment reflects a mixture of the effects of seed quantity and quality, environmental factors, and other constraints on seedling recruitment. By experimentally adding abundant viable seed to postfire seedbeds, we revealed that all species demonstrated seed limitation, as evidenced by increased probability of occurrence in plots with experimental seed additions. When constraints on seed availability were relaxed, environmental filtering of species-specific regeneration niches determined patterns of recruitment. Disturbance characteristics further modified legacy and environmental effects on community assembly by mediating the success of species-specific regeneration strategies and the suitability of postdisturbance seedbeds.
Legacy effects
Seed addition was the single most important variable related to seedling recruitment of all species. We detected species-specific effects of seed limitation in that the strength and relative importance of seeding effects varied among species, a notable finding in the context of predicting community assembly. Seed limitations may be the product of reduced reproduction in northern tree populations (e.g., Sirois 2000), pre-or postdispersal seed predation (e.g., Jameson et al. 2015) , or a combination of factors, depending on species and local biotic interactions. Aspen and birch showed strong effects of seeding, particularly in the zero-inflation portion of our models, suggesting that a large portion of the frequent zero counts for these species arises because adequate seed was simply not available to support seedling recruitment. Black spruce also showed a large effect size of the seeding treatment in both portions of the model (zero-inflation and count), despite the availability of natural seed dispersed on-site from the serotinous cones of prefire trees (Johnstone et al. 2009, Brown and Johnstone 2012) . This indicates that available safe sites for seedling recruitment are not saturated even for the most locally abundant species. In contrast, white spruce showed a weaker effect of seeding in both portions of the model, even with what we assume to be low levels of natural seed input given the low density of prefire white spruce in our study areas. Environmental conditions at our sites appear to limit potential recruitment for white spruce to a greater degree than black spruce, even when seed is available.
The consistent evidence of seed limitation of potential recruitment for all four canopy species implies that landscape configurations that affect postfire seed availability of boreal species can have major effects on local community assembly. Given widespread seed limitation, stochastic processes affecting seed production and dispersal, such as climate variability, patch configuration, and strength of dispersal vectors, will play an important role in determining recruitment potential. Species-specific adaptations for postfire recruitment, such as cone serotiny of black spruce or asexual resprouting of birch and aspen (Greene et al. 1999) , are thus critical in determining propagule constraints on community assembly after disturbance (Frelich and Reich 1999) . Vegetation legacies that affect regeneration potential may play a dominant role in stabilizing vegetation types across disturbance cycles, as well as contribute to nonlinear changes when some threshold in reproduction constraints is exceeded (Frelich and Reich 1999, Buma et al. 2013) .
Environmental filtering
It is a logical necessity that environmental constraints on seedling recruitment can only become important once seed is available. The limitation of most observational studies of recruitment after disturbance is that there is insufficient information available to attribute a species' absence to a lack of propagules vs. incompatible environmental conditions or some other effect (Myers and Harms 2011) . Disentangling these effects is often the central goal of seeding experiments (e.g., Paine and Harms 2009, Myers and Harms 2011) . The importance of environmental covariates in our zero-inflation models suggests that environmental variables had a greater influence in determining whether sites were generally suitable for recruitment, and more local (random) processes influenced the number of seedlings given a generally suitable site. However, interannual variations in environmental conditions within and between burned forest sites mean that the precise effects of environmental filters may depend on specific weather or local conditions during critical phases of community assembly (Chase 2003) .
We found that site moisture was the strongest environmental factor affecting seedling recruitment of all species. Soil moisture has been observed to play a key role as an abiotic filter influencing community assembly (e.g., Myers and Harms 2011), as moisture is an essential resource for early-developing seedlings (Kozlowski and Pallardy 1997) . The sensitivity of boreal tree species to moisture in our study covaried with seed size: smallseeded species (aspen) were more sensitive than largeseeded species (white and black spruce) to variations in moisture. All species responded in the same direction, however, indicating that access to soil moisture is a common constraint among species. Increased sensitivity of small-seeded species to moisture limitation likely reflects a reduced ability to reach stable moisture supplies in deeper organic soils (Hesketh et al. 2009 ). Interestingly, this sensitivity does not reflect landscape sorting of forest types dominated by these different species. Mapped distributions of trembling aspen in Alaska show a preference for warmer, drier sites (which our models suggest should have lower recruitment potential) while black spruce dominates in cooler, moister sites (e.g., Calef et al. 2005 , Kurkowski et al. 2008 . The difference in species sorting between early assembly and observed landscape distributions suggests that landscape patterns derive from subsequent filters that affect growth and survival (including biotic interactions, such as seed predation and herbivory, which we did not test here), or alternatively, are maintained by legacy effects similar to those discussed in the preceding section.
In contrast to moisture, we observed seedling recruitment responses to gradients in elevation and latitude that were consistent with sorting patterns of established forest communities. Aspen and birch are uncommon at high-elevation sites (Calef et al. 2005 , Kurkowski et al. 2008 ) and both were more sensitive to elevation effects than the spruce species, which dominate high-elevation and treeline forests in the region (Lloyd et al. 2005) . Similarly, aspen and birch showed a weak but significant reduction in recruitment potential at highlatitude sites, while black and white spruce showed the reverse pattern. Studies of seedling growth under controlled environmental conditions indicate a stronger temperature sensitivity of root growth for aspen compared to white spruce (Landhausser et al. 2001) , suggesting that niche-filtering based on physiological responses to temperature may be the main factor driving the broadscale effects of landscape gradients on potential seedling recruitment.
Disturbance effects
Our results indicated that disturbance characteristics such as fire frequency and severity interact with legacy and environmental effects to shape patterns of potential species recruitment. Because fire characteristics are themselves sensitive to climate (Flannigan et al. 2009 ), incorporating their effects into predictions of community assembly is essential to understanding ecological responses to global change.
Variations in SOL depth represent a combination of legacy (prefire SOL depth) and disturbance (i.e., fire severity or combustion) effects on postfire seedbeds (Boby et al. 2010) . Thick organic seedbeds present a barrier for seedlings to tap into stable moisture supply in the mineral soil (Hesketh et al. 2009 ), and smallseeded species appear have an increased sensitivity to SOL depths compared to larger-seeded conifers (Johnstone and Chapin 2006). We found a strong effect of SOL on zero inflation of aspen and birch (i.e., plots with thicker SOLs often had no recruitment of aspen or birch), in contrast to a relatively weak effect on black spruce and no effect on white spruce recruitment. If thick SOL after fire restricts recruitment of smallseeded, deciduous species compared to spruce, then lowseverity fires that leave the SOL intact will favor the long-term dominance of black spruce , Kelly et al. 2013 .
The effect of TSLF, a measure of recent fire frequency, on black spruce recruitment represents an effect of disturbance on seed availability. Like many serotinous conifers, black spruce reproduction after fire depends on seed dispersed from sealed cones held onsite in an aerial seedbank (Greene et al. 1999) . Northern stands of black spruce require at least 50 years to accumulate sufficient seed for stand selfreplacement after fire (Viglas et al. 2013) , making them vulnerable to severe seed limitation of recruitment following a short fire-return interval (Brown and Johnstone 2012) .
CONCLUSIONS
Here, we present empirical evidence of the interacting effects of vegetation legacy, environmental filtering, and disturbance characteristics on community assembly. Vegetation legacy, and the effects of disturbance on that legacy, overwhelmingly dominate initial realized community assembly following fire in northern boreal forests, which we know strongly predicts future forest composition (Bergeron et al. 2014) . In contrast, environmental filters appear to be weaker forces that shape species-specific patterns of potential postfire recruitment. The strong effects of legacies and disturbance on initial community assembly that we observed are in direct contrast to prevailing viewpoints that tree communities in these northern boreal forests are principally sorted by gradients of environmental conditions and successional age (e.g., Van Cleve and Viereck 1981 , Calef et al. 2005 , Roland et al. 2013 . We believe there are (at least) two plausible explanations that could reconcile our results with other landscape studies: (1) the importance of environmental factors increases after the initial stages of seedling recruitment, leading to stronger environmental filters on community assembly, and (2) disturbance effects and prefire legacies are confounded with environmental gradients in this system, contributing to patterns of community assembly that may be subsequently interpreted as arising from deterministic environmental controls. If scenario (2) holds true in these northern boreal forests, as opposed to more stable landscape configurations in scenario (1), then we should anticipate the potential for the development of alternative stable states and rapid shifts between vegetation communities arising from interacting effects of historical contingency and global change (Frelich and Reich 1999, Turner 2010) .
